Cell isolation via antibody-targeted magnetic beads is a powerful tool for research and clinical applications, most recently for isolating circulating tumor cells (CTC). Nonetheless fundamental features of the cell-bead interface are still unknown. Here we apply a clinically relevant antibody against the cancer target HER2 (ErbB2) for magnetic cell isolation. We investigate how many target proteins per cell are sufficient for a cell to be isolated. To understand the importance of primary antibody affinity, we compared a series of point mutants with known affinities and show that even starting with subnanomolar affinity, improving antibody affinity improved cell isolation. To test the importance of the connection between the primary antibody and the magnetic bead, we compared bridging the antibody to the beads with Protein L, secondary antibody, or streptavidin: the high-stability streptavidin-biotin linkage improved sensitivity by an order of magnitude. Cytoskeletal polymerization did not have a major effect on cell isolation, but isolation was inhibited by cholesterol depletion and enhanced by cholesterol loading of cells. Analyzing a panel of human cancer cell lines spanning a wide range of expression showed that the standard approach could only isolate the highest expressing cells. However, our optimization of cholesterol level, primary antibody affinity, and antibody-bead linkage allowed efficient and specific isolation of cells expressing low levels of HER2 or epithelial cell adhesion molecule. These insights should guide future approaches to cell isolation, either magnetically or using other means, and extend the range of cellular antigens and biomarkers that can be targeted for CTC isolation in cancer research and diagnosis. Cancer Res; 73(7); 2310-21. Ó2013 AACR.
Introduction
The ability to isolate specific cells from complex samples has been central to many areas of human biology, including immunology and stem cell biology (1) . Cell isolation was previously done principally in the flow cytometer, but magnetic separation has steadily grown in importance as a result of its high throughput, ease, low cost, and reduced shear stress on the cells (2) . Cells are typically coated with an antibody to a specific cellular protein and linked via a secondary reagent to a magnetic bead. Application of a magnetic field then allows cells bound to the magnetic bead to be enriched or depleted from the sample, with enrichment up to 10,000-fold and sorting from 10 11 cells (1) . Magnetic sorting has also been applied in the clinic for assisted reproduction (3), enriching hematopoietic stem cells for bone marrow transplant (4) , and isolating cells for cancer immunotherapy (5) . However, cell sorting has gained most attention recently because of the renaissance in our understanding of circulating tumor cells (CTC) in the bloodstream (6) . CTCs can be present well before establishment of metastasis and even at the premalignant stage (7) . Isolating CTCs provides a powerful new approach for tumor diagnosis, for monitoring and tailoring therapy, and for understanding the evolution and signaling of tumors (6) . The immunomagnetic isolation method CellSearch has gained U.S. Food and Drug Administration approval for isolation of CTCs in breast, colorectal, and prostate cancer (6) . Once cells have been isolated, the CTCs may then be analyzed with a battery of microscopic, proteomic, and genetic methods to understand their origin and behavior (6, 8) .
The role of the buffer and temperature for enrichment of CTCs has been carefully analyzed (9) but, despite the importance and widespread use of magnetic isolation, many other fundamental questions have still not been clearly answered. In particular, what is the minimum number of copies of a target antigen that need to be present on a cell to allow magnetic isolation? Some proteins are present at high numbers per cell, for example, approximately 47,000 CD4 molecules on a helper T cell (10) , but receptors for growth factors and cytokines are functionally important at <100 copies per cell (11) . These low abundance molecules are within the reach of detection by Western blot and may just allow cell isolation by fluorescenceactivated cell sorting (FACS), but are out of the range of magnetic isolation. Reducing the dependence of cell recovery on antigen expression level has been identified as major challenge for the field (12) .
In this article we used an antibody to HER2 to address key issues in cell separation. HER2 (also known as ErbB2 or Neu) is a tyrosine kinase, which forms heterodimers with epidermal growth factor receptor (EGFR), HER3, or HER4 to promote cell division and is frequently overexpressed in cancer (13) . Targeting of HER2 with the humanized antibody trastuzumab (marketed as Herceptin) has improved survival in metastatic breast cancer, and is also used for diagnosis (13) . HER2 levels in CTCs have prognostic importance (14) . CTCs are most commonly isolated using antibodies against epithelial cell adhesion molecule (EpCAM) and we also test cell isolation based on EpCAM. However, EpCAM may be downregulated on CTCs, particularly on the circulating tumor stem cell subset, which is important in metastatic development (15) , and so understanding of antigen detection limits is especially important (16, 17) .
We use magnetic sorting on human cancer cell lines to quantitate how much anti-HER2 antibody must bind to enable cancer cell isolation and the importance for cell isolation of primary antibody affinity, antibody linkage to the bead, and factors affecting the target cell. We then harness this understanding to investigate improving the magnetic isolation of cells expressing low levels of HER2 or EpCAM.
Materials and Methods

Culture of cell lines
MDA-MB-231, MDA-MB-453, and MDA-MB-468 were from American Type Culture Collection, where cell lines are validated using short tandem repeat profiling. A431, BT474, and MCF-7 were from Cancer Research UK, Lincoln's Inn Fields (CR-UK), validated using short tandem repeat profiling. LBL 721.221 is a human B lymphoblastoid cell line, a kind gift of Tim Elliott (University of Southampton, UK), verified by bright-field microscopy and flow cytometry testing for CD45 and EpCAM expression.
All cells were thereafter passaged for fewer than 6 months. Cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal calf serum (FCS), 50 U/mL penicillin, and 50 mg/mL streptomycin. Insulin (Sigma) was added to BT474 cells at 5 mg/mL.
Antibody constructs
hu4D5 fragment antigen binding (Fab) was expressed with acceptor peptide (AP) tags for enzymatic biotinylation at the Ctermini of the light and heavy chains, to generate Fab0. 35 Fabs with varying affinity, expression, and biotinylation, along with anti-EpCAM IgG, are described in Supplementary Methods.
Immunomagnetic isolation
BT474 cells were resuspended at 2.5 Â 10 6 cells/mL in DMEM with 1% FCS, 50 U/mL penicillin, and 50 mg/mL streptomycin (D1). A total of 100 mL of cells were used for each condition. For the titration assays, the indicated Fab was added to the cells in triplicate and incubated at 25 C for 10 minutes. Cells were then spun and resuspended in 0.5 mL D1 and added to 25 mL Dynabeads Biotin Binder (2.8-mm-diameter superparamagnetic polystyrene beads coupled to recombinant streptavidin, 4 Â 10 8 beads/mL; Life Technologies) that had previously been washed twice with PBS and once with D1. After incubation in a 1.5 mL microcentrifuge tube at 25 C for 30 minutes with endover-end rotation (Stuart Equipment), 100 mL of the cell-bead mixture was pipetted out for counting. The tube with the remaining cells was placed on a magnet (MagRack 6; GE Healthcare) and the unbound cells after 2 minutes were pipetted out, for counting of flowthrough cells. The cells bound to the magnetic beads were washed once with 100 mL D1 and resuspended in 100 mL D1. Cells in the bead-cell mixture and recovered cells were counted on a Coulter Counter (Casy Model TT; Innovatis) using a 150 mm measuring capillary, 400 mL sample volume, 200Â dilution factor, and evaluation cursor of 7.5 to 50 mm. %Recovery was calculated as a 100Â (number of cells recovered/cells in the original cell-bead mixture).
For testing different linkages to the anti-HER2 primary antibody, 25 mL Dynabeads Biotin Binder were coated with 3 mg biotinylated goat antihuman k chain (Thermo Scientific) or 3 mg biotinylated Protein L (Thermo Scientific) in 10 mL PBS for 10 minutes at 25 C before washing twice with PBS and once with D1. The beads were then added to 250,000 BT474 cells treated with varying concentrations of unbiotinylated Fab0.11 in triplicate. After incubation in a 1.5 mL microcentrifuge tube at 25 C for 30 minutes with end-over-end rotation, the cells were processed in the same way as described earlier.
Flow cytometry
To quantitate the number of Fab bound per cell at different concentrations, BT474 cells were harvested by trypsinizing and washed once in D1 before resuspending in D1 at 2.5 Â 10 6 cells/ mL. A total of 50 mL per condition was incubated with 0 to 10 mg/mL monobiotinylated Fab0.35 (for Table 1 ) or monobiotinylated Fab0.11 (for Supplementary Fig. S2 ) in D1 for 10 minutes at 25 C. Cells were then resuspended in 50 mL PBS with 1% bovine serum albumin (BSA), 0.1% NaN 3 (FACS-A). A 35 was titrated from 0 to 10 mg/mL was determined from flow cytometry on BT474, by calibration with beads bearing known numbers of AlexaFluor488 per particle.
total of 50 mL of 0.5 mmol/L monovalent streptavidin conjugated to AlexaFluor488 (mSA-488) in FACS-A was added and incubated for 15 minutes on ice. After washing twice with 100 mL FACS-A, cells were resuspended in 0.4 mL FACS-A on ice and analyzed on a FACScalibur flow cytometer with CellQuest Pro version 5.2.1 (Becton Dickinson). Quantitation was done with Quantum AlexaFluor488 beads (details in Supplementary Methods).
To quantitate the number of Fab binding to the different cell types, cells were washed once in D1 before resuspending in D1 at 2.5 Â 10 6 cells/mL. Cells in 50 mL were incubated with 10 mg/mL monobiotinylated Fab0.35 in D1 for 10 minutes at 25 C. Excess Fab was removed by centrifugation. Cells were labeled with mSA-488 as earlier.
Spiking and recovery from blood
Cells from culture were harvested by trypsinizing, washed once with PBS with 1% FCS (PBS-1), and resuspended at 10 6 cells/mL in PBS-1. Carboxyfluorescein succinimidyl ester (CFSE; Life Technologies) was used to label cells according to the manufacturer's protocol. A total of 100,000 CFSE-labeled cells were spiked in triplicate into 1 mL of rabbit blood (in Alsever's Solution; TCS Biosciences). Red blood cells were removed by incubating the whole-blood sample with lysis buffer (154 mmol/L NH 4 Cl, 10 mmol/L KHCO 3 , 0.1 mmol/L EDTA pH 7.2) at a ratio of 25 mL lysis buffer per 1 mL blood, and incubating at room temperature for 5 minutes. Cells were spun down and washed once with 1 mL D1. Cells were resuspended in 100 mL D1 and processed as described earlier for the enhanced or standard beading conditions. The recovered cells were counted and imaged for CFSE on a hemocytometer under the DeltaVision microscope.
Recovery from human blood was conducted in the same way, except 250,000 CFSE-labeled cells were spiked in duplicate into 1 mL human blood from a healthy donor. The protocol and the use of a human blood sample were approved by the University of Oxford Central University Research Ethics Committee (CUREC). After immunoisolation, cells were washed with PBS and then fixed in 100 mL PBS with 3% formaldehyde for 10 minutes at 25 C. Cells were washed with PBS and labeled with 100 mL/sample of 1:20 goat antihuman CD45-PE (Life Technologies) for 10 minutes at 25 C. Excess antibody was removed by placing samples on a magnet. The cells were washed twice with PBS and resuspended in 30 mL PBS before imaging.
As a control for CD45 staining, human blood was incubated with lysis buffer and washed as earlier, but was then left on ice instead of beading. Exactly as for the spiked samples, cells were fixed, stained with CD45-PE, and imaged.
Microscopy
BT474 cells on a glass coverslip were washed once with 0.5 mL PBS containing 5 mmol/L MgCl 2 (PBS-Mg). Cells were treated with 100 mL 50 mg/mL of the Fab of the indicated affinity in PBS-Mg with 1% BSA for 10 minutes at 4 C. After washing the cells thrice with 0.4 mL PBS-Mg, core streptavidinAlexaFluor488 at 27 nmol/L in PBS-Mg with 1% BSA was added for 10 minutes at 4 C. Cells were washed thrice with PBS-Mg and imaged live by fluorescent microscopy. For preblocking HER2, cells were incubated with 100 mL 10 mg/mL Herceptin (a kind gift from Genentech, dialyzed into PBS) in PBS-Mg with 1% BSA for 10 minutes at 4 C, and washed thrice with PBS-Mg before adding the Fab.
Results
Antibody beading strategy
Our approach was based on the Fab hu4D5, which binds with high affinity (K d ¼ 0.35 nmol/L; ref. 18 ) to the extracellular domain of HER2 (19) . AP tags were genetically fused to the Cterminus of the light and heavy chains to give Fab0.35 (Fig. 1A) . Incubation with biotin ligase allowed site-specific biotinylation of each AP tag, to give the biotinylated Fab fragment, termed Fab0.35 (Fig. 1A) . This biotinylation enabled subsequent binding by streptavidin, one of the strongest noncovalent interactions in nature (
À14 mol/L, off-rate at 37 C, approx. 4 hours), with an on-rate nearly at the diffusion limit ($10 7 M À1 s
À1
; ref. 20) . For magnetic isolation, cells were incubated with antibody and then streptavidin-coated magnetic particles (2.8-mm-diameter Dynabeads) at a ratio of 40 beads per cell were added. Applying a magnetic field attracted cells bound to beads, so cells without beads could be washed away and the bead-bound cells were isolated (Fig. 1B) .
Thousands of antibody molecules per cell were required to enable efficient isolation
BT474 is a human breast cancer cell line, which expresses high levels of HER2. We used BT474 incubated with different levels of anti-HER2 as a surrogate for cells bearing different levels of HER2, so that the experiments could be conducted with only one variable (Fab concentration), rather than the many variables present if different cell types were compared, for example, cell size, plasma membrane roughness, membrane fluidity, and surface glycosylation. When Fab0.35 was added at saturating concentrations (!1 mg/mL), 70% to 80% of BT474 cells were isolated (Fig. 1C) . As a negative control, with no Fab added, there was almost no recovery of cells (Fig. 1C) , indicating low nonspecific binding of the streptavidin-magnetic particles. There was a sharp drop in cell recovery between 0.1 and 0.01 mg/mL Fab (Fig. 1C) , consistent with the necessity for a minimum number of surface antigens to enable cells to be isolated by magnetic separation.
To understand this limit, we generated Fab0.35 with biotinylation only on the heavy chain (Fab0.35-HAPb; Supplementary Fig. S1 ). This approach enabled a 1:1 ratio of Fab to the monovalent streptavidin (21) detection reagent (mSA-488) and so avoided underestimating Fab numbers through multivalency of core streptavidin or bivalent secondary antibodies. We titrated Fab0.35-HAPb on BT474 and added excess mSA-488, before analysis by flow cytometry (Fig. 1D ). By calibrating with microspheres containing known numbers of dye molecules, we quantitated the number of Fab bound per cell after labeling with Fab at different concentrations (Table 1; ref. 22) . Comparing these Fab levels to the efficiency of cell isolation shows that 26,500 receptors were required for efficient (>50%) recovery ( Fig. 1C and Table 1 ). Cells expressing fewer than 4,000 receptors had a low probability ($10%) of being isolated ( Fig.  1C and Table 1 ).
Immunomagnetic isolation was highly dependent on antibody affinity
Beading efficiency has previously been compared using different antibodies (23) but independent antibodies can have many variables apart from binding affinity, including the location on the target antigen where the antibody binds and the antibody isotype. It is rare to find a system where binding strength is the only major change in a series of antibodies. This system exists for hu4D5, where single-residue point mutants have been characterized for affinity, off-rate, and on-rate (refs. 18 and 24; Fig. 2A ) and the affinity ranges over 2 orders of magnitude.
These mutants were named according to their K d in nmol/L (e.g., the original is Fab0.35). Protein concentration and uniformity were confirmed by SDS-PAGE (Fig.  2B) . We confirmed that the antibodies were completely biotinylated using a gel-shift with streptavidin (Fig.  2C) .
Fluorescence microscopy confirmed that the mutations did not cause binding to sites other than HER2: the different Fabs all bound to cells expressing HER2, but cell labeling was abolished if HER2 was preblocked with anti-HER2 IgG (Fig.  2D) . Affinities from 0.11 to 2.7 nmol/L gave strong cell staining but staining with 55 nmol/L affinity antibody was weakly detected (Fig. 2D) .
We then compared the affinity series for immunomagnetic sorting on BT474. Again we used varying antibody concentration as a well-controlled proxy for cells expressing different numbers of target antigens. With 55 nmol/L affinity, only at the highest antibody concentration of 10 mg/mL was it possible to isolate cells (Fig. 2E) . Increasing the original Fab affinity of 0.35 to 0.11 nmol/L had a major effect, allowing substantial recovery at 0.01 mg/mL antibody concentration ( Fig. 2E , P < 0.001, n ¼ 3, unpaired t test). Thus, even though Fab0.35 has an unusually high monovalent binding affinity among antibodies (25) , engineered by molecular modeling (26) , an improvement in affinity had a major effect on immunomagnetic isolation. The improved isolation was not a result of more Fab0.11 binding to the cells, because similar numbers of Fab0.11 and Fab0.35 bound to cells at each concentration, comparing Table 1 with Supplementary  Fig. S2B . Recovery closely depended on how primary antibody was linked to the magnetic particle It was important to determine whether the stability of the linkage between the primary antibody and the magnetic particle was also important for immunomagnetic isolation.
We compared 3 different types of linkages between the cell and the magnetic bead (Fig. 3A) . In each case we kept the same affinity primary antibody and the same streptavidin magnetic beads. For the first condition, we tested direct biotin-streptavidin linkage: cells were labeled with biotinylated Fab0.11 followed by streptavidin-coated magnetic particles. We then tested secondary antibody recognition of the primary antibody on cells, as is widely used: we labeled cells with nonbiotinylated Fab0.11, followed by biotinylated antihuman secondary antibody coated onto streptavidin beads (Fig.  3A) . For the third condition, we used biotinylated Protein L to bind to nonbiotinylated Fab0.11 (Fig. 3A) . Protein L is an immunoglobulin-binding protein, which binds well to humanized Fabs, unlike the better-known Protein A and Protein G (27) .
Direct biotin-streptavidin linkage showed the best profile of cell recovery, even at saturating antibody concentrations (Fig.  3B) . Compared with direct linkage, at 0.1 mg/mL Fab, cell recovery was $20% less with secondary antibody ( Fig. 3B ; P < 0.05, n ¼ 3, unpaired t test). Compared with secondary antibody linkage, at 0.1 mg/mL Fab, the recovery was $40% less with Protein L linkage ( Fig. 3B ; P < 0.001, n ¼ 3, unpaired t test). More than 40% recovery required 1 mg/mL Fab for Protein L, 0.1 mg/mL Fab for secondary antibody, and 0.01 mg/mL for direct biotin-streptavidin linkage (Fig. 3B) . Thus, the nature of the linkage between the magnetic bead and the primary antibody had a dramatic effect on recovery of cells, that had low levels of antibody bound.
We also established whether it was important that the Fab had 2 biotins attached. Sensitivity of isolation was broadly similar for Fabs with 1 or 2 biotins, but Fabs with 2 biotin tags gave enhanced isolation at low antibody concentrations (Supplementary Fig. S3B ; P < 0.001, n ¼ 3, unpaired t test at conc. ¼ 0.01 mg/mL). Comparing Fab0.35 with 2 enzymatically attached biotin tags or multiple chemically attached biotin tags showed comparable sensitivity in BT474 isolation (Supplementary Fig. S4 ).
Cellular parameters determining immunomagnetic recovery
Whether a cell binds to the magnetic bead depends on the number of antibodies present on the cell (Table 1 and Fig. 1C ) but it is likely that other factors have an important role: the initial weak interaction between the bead and the cell will be consolidated as new receptors diffuse to this interface. We used 0.01 mg/mL Fab0.11, which only achieved partial recovery of BT474 (Fig. 2E) , such that small changes in the cell-bead interaction could have a big effect on cell recovery.
According to the picket-fence model, actin forms a network below the plasma membrane regulating surface protein dynamics (28) . We attempted to disrupt this network using cytochalasin D: this drug increased recovery but its effects were not statistically significant ( Fig. 4A ; P ¼ 0.06, n ¼ 3, unpaired t test). We also examined the effect of microtubule depolymerization but this did not change cell isolation ( Fig. 4B; 
Cholesterol is an important regulator of membrane fluidity, from its effect upon lipid ordering, direct interaction with surface proteins, and through formation of membrane nanodomains or lipid rafts (29) . We used methyl-b-cyclodextrin to deplete cholesterol from the plasma membrane and saw a dramatic decline in cell recovery ( Fig. 4C ; P < 0.01, n ¼ 3, unpaired t test). Because we were keen to enhance cell isolation, we tested the converse and indeed loading cells with cholesterol for 1 hour (by adding cholesterol bound to a water- soluble chelator) improved isolation by more than 50% ( Fig.  4D ; P < 0.05, n ¼ 3, unpaired t test). We tested whether this modulation of cholesterol changed how much Fab0.11 bound to cells by flow cytometry (Supplementary Fig. S5 ) and observed a 17% decrease (P < 0.001, n ¼ 3, unpaired t test) with methyl-b-cyclodextrin and a 9% increase in staining with cholesterol loading (P < 0.001, n ¼ 3, unpaired t test).
Trafficking of HER2 to and from the plasma membrane could also be important and so we tested the effect of inhibiting cell metabolic activity, briefly adding sodium azide but consistent with maintaining high cell viability. Sodium azide did not significantly change recovery ( Fig. 4E ; P ¼ 0.2, n ¼ 3, unpaired t test). We also evaluated a small-molecule inhibitor of HER2 tyrosine kinase, the tyrphostin AG825 (30) , and found a dramatic decrease in recovery ( Fig. 4F ; P < 0.01, n ¼ 3, unpaired t test), indicating that HER2 kinase activity affects beading efficiency.
Strong bead-antibody linkage and cholesterol loading also enhanced recovery with low affinity primary antibody
To test whether these effects were restricted to the highest affinity antibodies, we also evaluated their impact using a moderate binding antibody. BT474 cells were labeled with 0.1 mg/mL Fab1.4 (K d ¼ 1.4 nmol/L), where secondary antibody linkage without cholesterol loading gave moderate recovery ( Supplementary Fig. S6 ). Using direct linkage improved recovery (P < 0.05, n ¼ 2, unpaired t test) and cholesterol loading gave a further enhancement in recovery (P < 0.05, n ¼ 2, unpaired t test; Supplementary Fig. S6 ). These results indicate that optimizing how the primary antibody was coupled to the bead and loading cells with cholesterol should be beneficial for cell capture using moderate affinity antibodies, not just the highest affinity antibodies.
Optimization of recovery of low-expressing cells
We assembled a panel of 5 human cancer cell lines, spanning a few orders of magnitude of HER2 expression. This panel enabled us to evaluate the immunomagnetic separation protocol for different cell types and to establish how antigen expression level across cell lines correlated with isolation efficiency.
A representative comparison of the cell lines' relative HER2 levels was determined by flow cytometry after staining with Fab0.35 and then mSA-488 (Fig. 5A) . This comparison showed a wide range in expression, although note that cell autofluorescence (indicated from the no primary control) was also variable (Fig. 5A ). HER2 expression is very high in BT474, moderate in MDA-MB-453, and low in MCF-7 and A431. HER2 expression was not detectable in MDA-MB-468, as found previously (31) . Using calibration beads, we determined the absolute number of anti-HER2 antibody binding sites on each cell type (Table 2) .
Using this cell panel, we tested whether the factors we had established as important for efficient cell isolation using the high-expressing BT474 would allow us to efficiently isolate tumor types not well isolated by existing approaches. For the standard conditions we used an antibody with high but not optimized affinity, Fab0.35, and secondary antibody linkage to the streptavidin-magnetic beads (Fig. 3A) . For the enhanced conditions we applied the higher affinity Fab0.11, direct biotin-streptavidin linkage to the streptavidin-magnetic particles, and cholesterol loading.
Using a high antibody concentration, for high HER2-expressing BT474, both protocols gave equivalent recovery (Fig. 5B) . For the MDA-MB-453 cell line with $7-fold lower expression than BT474, the optimized conditions gave $20% improved recovery ( Fig. 5B ; P < 0.01, n ¼ 3, unpaired t test). The impact of the enhanced conditions increased as the HER2-expression level decreased, doubling the recovery of MCF-7 cells ( Fig. 5B ; P < 0.001, n ¼ 3, unpaired t test) and giving $8-fold better recovery for A431 cells ( Fig. 5B ; P < 0.001, n ¼ 3, unpaired t test). There was minimal recovery of MDA-MB-468 with either protocol (Fig. 5B) .
To dissect how much of this effect on recovery of different expressing cell lines depended on cholesterol loading, connection to the primary antibody, or highest affinity primary antibody, we changed these parameters one at a time. Loading with cholesterol only enhanced recovery of A431 (P < 0.05, n ¼ 3; Supplementary Fig. S7A ). Similarly, going from Fab0.35 to Fab0.11 only enhanced recovery of A431 (P < 0.01, n ¼ 2, unpaired t-test; Supplementary Fig. S7B ). Changing from secondary antibody linkage to direct linkage enhanced recovery of both MCF-7 (P < 0.05, n ¼ 2, unpaired t-test) and A431 (P < 0.01, n ¼ 2, unpaired t test; Supplementary Fig. 7C ). Therefore, all 3 enhancements we made to the beading procedure were beneficial for recovery of low-expressing cells.
Cholesterol loading and direct linkage enhanced capture via EpCAM
CTC isolation is most frequently conducted based on EpCAM expression and EpCAM levels vary in different cancer cells (6, 15) . To establish whether the insights on HER2 also applied to EpCAM, we tested cells with widely different EpCAM expression. A431 expressed high levels of EpCAM, whereas expression in the human breast cancer cell line MDA-MB-231 was low based on flow cytometry (Supplementary Fig. S8A ). The B cell line 721.221 was used as a negative control with no detectable EpCAM expression (Supplementary Fig. S8A ). Combining direct linkage with cholesterol loading more than doubled capture of MDA-MB-231, as well as enhancing recovery of A431 to a lesser extent (Supplementary Fig. S8B ). There was minimal recovery of nonexpressing 721.221 or of A431/ MDA-MB-231 in the absence of primary antibody under any condition ( Supplementary Fig. S8B ).
Recovery of cells from blood with the enhanced immunomagnetic approach
We further tested the efficiency of the beading protocols by spiking the different cancer cell types into rabbit blood and then trying to selectively isolate the cell lines. The cancer cells were labeled with CFSE before spiking. After lysis of red blood cells, we carried out immunomagnetic isolation of cells based on HER2 using either standard or enhanced conditions.
Although standard and enhanced conditions isolated >70% of BT474 cells, the standard conditions gave minimal isolation of MCF-7 or A431 (Fig. 5C ). However, MCF-7 and A431 were recovered efficiently from rabbit blood under enhanced conditions (Fig. 5C ). This increase (MCF-7 P < 0.0001, A431 P < 0.001, n ¼ 3, unpaired t test) was not because of nonspecific binding of beads, as no cells were recovered under enhanced conditions in the absence of Fab0.11 ( Supplementary Fig. S9 ). Nearly every cell recovered under enhanced conditions was CFSE-positive: BT474 98.3 AE 1.6%, n ¼ 3; MCF-7 98.9 AE 1.9%, n ¼ 3; A431 99.2 AE 1.4%, n ¼ 3. Therefore, there was minimal binding of beads to endogenous cells in the blood.
We went on to analyze recovery from human blood. Again, recovery of MCF-7 and A431 under standard conditions was poor but both cell lines were recovered significantly better using enhanced conditions (MCF-7 P < 0.01, A431 P < 0.01, n ¼ 2, unpaired t test; Fig. 5D ). That the counted cells were indeed the indicated cell lines and not endogenous cells was confirmed by the recovered cells being positive for CFSE and negative for CD45 (a surface marker common to leucocytes; Fig. 5E ).
Discussion
Here we have shown how antigen number, antibody affinity, cholesterol level, and bead linkage all contribute to the ability to magnetically isolate cancer cells. To enhance recovery of cancer cells bearing low levels of tumor antigen, these results suggest that one should (i) load the cells in the sample for 1 hour with cholesterol, (ii) seek the highest affinity biotinylated antibody available, and (iii) capture the biotinylated antibody with streptavidin that is covalently bound to the solid phase, avoiding any intermediary weak link.
Different antibodies have previously been compared for sorting tumor cells, based on EpCAM expression, but the antibody affinity was not established (23) . To improve antibody-ligand affinity, there have been enormous efforts to surpass monoclonal and polyclonal antibodies (25) , through ex vivo selection by phage display and ribosome display or Cells were stained with or without 10 mg/mL monobiotinylated Fab0.35, followed by mSA-488. B, comparing isolation of cell line panel using an enhanced or standard protocol. For the standard conditions, cells were incubated with 1 mg/mL nonbiotinylated Fab0.35, followed by streptavidin-magnetic particles coated with biotinylated secondary antibody. For the enhanced conditions, cells were loaded with cholesterol, incubated with 1 mg/mL biotinylated Fab0.11, followed by direct linkage to the magnetic bead via streptavidin. Recovery is shown as the mean from triplicate measurements AE 1 SD. C, recovery of cancer cell lines from rabbit blood using the standard or enhanced conditions. Cancer cell lines of varying expression levels were spiked into rabbit blood, to mimic CTC isolation, and then isolated following the approaches in B (mean from triplicate measurements AE 1 SD). D, testing optimized isolation with human blood. Cells with low (MCF-7 and A431) or no (MDA-MB-468) expression of HER2 were labeled with CFSE and doped into human blood. Red blood cells were lysed and recovery after magnetic beading was determined (mean from duplicate measurements AE 1 SD). For the standard conditions, cells were incubated with 10 mg/mL nonbiotinylated Fab0.35, followed by streptavidin-magnetic particles coated with biotinylated secondary antibody. For the enhanced conditions, cells were loaded with cholesterol, incubated with 10 mg/mL biotinylated Fab0.11, followed by direct linkage to the magnetic bead via streptavidin. E, microscopy of cells recovered from beading of human blood samples. MCF-7 (top row) and A431 (middle row), labeled with CFSE, were doped into blood and beaded using enhanced conditions. Recovered cells were analyzed by fluorescent microscopy, showing CFSE (left column), anti-CD45-PE staining (middle column), and an overlay (right column) of CFSE (green), anti-CD45-PE (red) and brightfield (grayscale) images. Whole human blood (bottom row), following hypotonic lysis and without magnetic separation, was stained with anti-CD45-PE as a positive control for CD45 staining. Scale bar, 50 mm.
more recently by introducing artificial reactive groups (32, 33) . However, improvements in antibody affinity below a threshold of 10 nmol/L were not beneficial to targeting to tumors, as would be applied for imaging or direct killing (34) . Our work here shows that antibody affinity is central to the ability to isolate low-expressing cells, with even a Fab K d of 0.35 nmol/L not being optimal. On this basis it is important to consider antibody affinity when designing a cell isolation experiment and it will be valuable to investigate the impact of recent antibody engineering approaches on cell isolation (35, 36) . For the cell to be isolated, the force between the antibodies and their ligand must exceed the shear force between the cell and the magnetic bead in the flow or in the magnetic field (12); for simply delivering a radioisotope or dye to a tumor there is minimal force favoring dissociation, so antibody stability is less crucial. One must also ensure that improvements in affinity of the antibody or immunoglobulin-like domain do not compromise the highly specific binding, efficient expression, or stable folding without oligomerization (18, 26, 34, 36) .
Consistent with the importance of primary antibody affinity, we also found that any other weak link in the chain between the target receptor and the bead would impair cell isolation. Different secondary amplification approaches have been compared for cell isolation but the effects were quantified in terms of magnetophoretic cell mobility rather than isolation of lowexpressing cells (37, 38) . We found that having direct highstability linkage from a biotinylated antibody to streptavidin beads gave a major improvement in the isolation of cells bearing few primary antibodies. Here we focused on recombinantly generated antibodies against HER2, because of the possibility of site-specific enzymatic biotinylation and the propitious advantage of an intensively characterized affinity series. Nevertheless, regular monoclonal or polyclonal antibodies are generally functional after site-specific chemical biotinylation (39) and we showed that streptavidin-based capture of chemically biotinylated primary antibodies against HER2 or EpCAM was advantageous for cell isolation. Similarly, cDNA from B cells can now rapidly be cloned into recombinant antibodies (40) . In future work it may be also interesting to explore antibody-bead interactions with even greater stability than streptavidin (41) (42) (43) .
We found a clear dependence of antigen number on efficiency of cell isolation. Antibody binding capacity has previously been related to the degree of movement of particle-bound cells in a magnetic field (44) . The number of biotinylated molecules on the cell-surface required for binding of a streptavidin-coated bead has also been determined using laser tweezers, but the force applied in this case is different to magnetic sorting and biotin was nonspecifically conjugated to surface proteins (45) . By titrating in primary antibody we found that $27,000 anti-HER2 Fab with 0.35 nmol/L K d allowed for efficient isolation. Many more receptors, >1,600 receptors per mm 2 of cell surface, were previously required to isolate B cells using 1 nmol/L K d anti-CD19 antibody and magnetic beads (46) .
We found that modifying cholesterol levels and HER2 signaling had a major effect on cell isolation. Cholesterol levels of cells can be increased rapidly by applying a water-soluble form of cholesterol, as we did on human blood doped with cancer cells, and so this approach should be applicable to patient samples. It is valuable to compare the cell-bead interface with dynamic cell-cell interfaces, such as the immune synapse. Cell-bead and cell-cell synapses share the importance of initiating and then stabilizing contacts, membrane curvature and stretching, steric crowding inhibiting initial approach, force resistance of protein-protein links, and the role of receptor diffusion in stabilizing initial contacts (47). Singleparticle tracking has shown that cholesterol depletion reduces HER2 mobility in the plasma membrane (29) and so would inhibit the recruitment of new HER2 to stabilize an initial cellbead interaction; loading of cholesterol was shown to enhance receptor diffusion (29) , consistent with the improved cell isolation we establish. The reduced cell isolation with the HER2 inhibitor AG825 is surprising and it will be interesting in future work to see how AG825 changes HER2 surface dynamics.
Testing a panel of HER2-expressing lines, we found that with a conventional protocol of standard antibody and secondary antibody binding, high-expressing cells were efficiently captured but low-expressing cells were not isolated at all. Optimizing primary antibody affinity, bead linkage, and loading with cholesterol allowed these low-expressing cells to be captured as efficiently as the highest expressing cells. An ideal series of anti-EpCAM antibodies having a uniform binding site but a wide range of affinities was not available, but we showed that optimizing bead linkage and loading with cholesterol similarly enhanced isolation of cells expressing low levels of EpCAM.
Many of the issues analyzed here will also apply to the range of approaches where there is antibody recognition attaching cells to a solid phase, including microfluidic isolation with antibody-coated pillars, such as on "CTC-chips" (6, 48, 49) and trapping of CTCs for direct killing within the bloodstream (15, 50) . Because tumors are heterogeneous in antigen expression levels (16) , more efficient cell capture should make the use of existing biomarkers less vulnerable to antigen downregulation, as well as making possible the use of new lower-expressed biomarkers for specific capture of cancer cells.
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